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Cognitive neurosCienCe of episodiC memory
The aim of this review is to consider the anatomical substrate of 
auditory memory. We explore two possible questions. First, in 
analogy with the classic view of visual processing (Mishkin and 
Ungerleider, 1982): Is the flow of information in the auditory domain 
relatively direct and corresponds to a straightforward “auditory ven-
tral stream” leading to memory? Or, alternatively: Does auditory 
information take a more indirect route, with additional synaptic steps, 
and this makes possible added features of auditory perceptual process-
ing and the integration of auditory information with other sensory 
modalities, emotion, and motivation?
Anatomical studies cannot, on their own, differentiate these two 
views; they do, however, reveal both opportunities and constraints 
on the manner by which sensory information reaches brain regions 
involved in memory processing (Figure 1).
the nature of episodiC memory
Episodic memory refers to the ability to store information about eve-
ryday events and encompasses a complex system of hippocampo– 
cortical  and  hippocampo–subcortical  connections  (Aggleton  and 
Brown, 1999; see Figure 1 in Munoz and Morris, 2009). Unlike other 
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areas, where they may integrate information from other sensory modalities, before reaching the 
medial temporal memory system. This review considers anatomical studies that can support 
either one or both hypotheses – focusing on anatomical studies on the primate brain, primarily 
in macaque monkeys, that have reported not only direct auditory association connections with 
medial temporal areas, but, importantly, also possible indirect pathways for auditory information 
to reach the medial temporal lobe memory system.
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types of memory, as habits or motor skill learning, episodic memory 
involves the long-term storage, recollection, and retrieval of the “what, 
where, and when” of everyday events, and yet requires no training. In 
fact, in contrast to the effortful nature of skill learning, encoding of epi-
sodic memory is most often automatic or incidental, whereas retrieval 
requires conscious effort. This memory system allows us to process 
and remember information received via different sensory modalities, 
including the auditory domain. Using it, we can remember, for exam-
ple, our past holidays, the flavor of our grandmother’s cake, the voice 
of our friends when they phone us, or the sound of our own car.
Episodic  memory  has  been  attributed  almost  exclusively  to 
humans (Suddendorf and Corballis, 1997; Tulving, 2004). However, 
as the relevant anatomical structures and their connections are shared 
with other animal species as old phylogenetically as the hedgehog, 
it is generally assumed that some features of the memory system 
mediated by them are also shared, even if in more   rudimentary form 
(Insausti, 1993; Burwell et al., 1995). To stress the   differences across 
species, however, the term “episodic-like” memory has been used 
for monkeys and rodents (see review in Munoz and Morris, 2009). 
This is relevant in the context of auditory memory, as humans are 
unique in having communication through language and the audi-
tory memory system may differ significantly from the non-human 
primate system for this reason. It is interesting that the anatomical 
organization of memory in both species may tell us something about 
the evolution of language and communication.
development of behavioral tasks for lesion  
studies in animals
One of the challenges in animal research has been to design behav-
ioral tasks that are as close as possible to the episodic memory tests 
used in neuropsychological assessment with humans. Such tasks 
are critical to study the anatomical and functional organization 
Figure 1 | The architectonic divisions of the STg and of the parahippocampal 
region are illustrated in lateral and medial views of a rhesus monkey brain 
template (top left and right). Architectonic areas are shown in coronal sections of 
the rhesus monkey (Macaca mulatta) and of the cynomolgus monkey (M. 
fascicularis). Numerals precede by + refer to approximate coronal levels anterior to 
the interaural plane. See list of abbreviations.Frontiers in Neuroanatomy  www.frontiersin.org  October 2010  | Volume 4  | Article 129  |  3
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followed by hippocampal return projections to the cortex prima-
rily via EC, but also directly to the perirhinal cortex (Insausti and 
Munoz, 2001; Lavenex et al., 2002; Witter and Wouterlood, 2002; 
Munoz and Insausti, 2005). These connections are thought to be 
critical for the encoding and long-term consolidation of visual 
recognition memory.
These neuroanatomical studies reveal the main flow of informa-
tion underlying visual recognition, but one of the central features 
of episodic memory is that our memories of events are formed 
by information received via different sensory modalities (olfac-
tory, somatosensory, auditory as well as visual) and, consequently, 
episodic memory is often said to be multimodal. Neuroanatomical 
tract-tracing studies show that, although some sensory-specific 
information reaches the medial temporal cortex directly (prima-
rily olfactory and visual, as well as, although to a lesser extent, 
somatosensory and auditory), the great bulk of incoming connec-
tions originate in polymodal areas of the neocortex (see review in 
Mohedano-Moriano et al., 2007) providing our episodic memories 
with rich, complex contextual information.
What is different about auditory memory?
The possibility of multimodal inputs to the episodic-like memory 
system raises the question of how well matched is the picture emerg-
ing from anatomical and behavioral-lesion studies. To address this 
question, one study showed that lesions including areas 35 and 36 
of the perirhinal cortex and the posterior parahippocampal cortex 
(areas TH and TF of Von Bonin and Bailey, 1947) impaired not 
only visual memory, but also tactile memory (Suzuki et al., 1993). 
This was established by conducting the sample and choice phases 
of the DNMS task in the dark.
At about the same time, an anatomical study showed that a 
higher order somatosensory area in the granular insular cortex 
sends projections directly to area 35 of the perirhinal cortex, and 
suggested that this pathway might be one direct link between the 
somatosensory and limbic systems (Schneider et al., 1993). This 
finding led naturally to the idea that this pathway could be critical 
for the long-term storage of tactile information. Area 35 of the 
perirhinal cortex also projects heavily to EC (Insausti et al., 1987a), 
and therefore information coming from area 35 forms part of the 
hippocampal–cortical loop (Witter and Amaral, 1991).
It appeared, then, that the perirhinal cortex mediates the storage 
of information in a multimodal way and hence satisfies one of the 
critical features of episodic memory. The perirhinal cortex became 
therefore one of the best candidate areas for episodic-like memory 
in non-human primates. There are important subtleties to this 
assertion such as whether the perirhinal cortex is involved in famili-
arity and the hippocampus is recollection (Brown and Aggleton, 
2001; Yonelinas, 2002), but discussion about this subject would 
again exceed the scope of this review (but see Table 1).
Does auditory memory store in the same way as in the visual and 
somatosensory modalities? Are perirhinal and entorhinal cortices 
necessary for the formation of auditory memory as they are for 
visual and tactile memory? It is clear that auditory memory depends 
on medial temporal areas in humans (Prisko, 1963; Squire and 
Zola-Morgan, 1991), but work on non-human primates indicates 
that separate lesions of the hippocampus, of the perirhinal plus 
entorhinal cortex, or of the posterior parahippocampal cortex each 
fail to impair auditory recognition memory in a Konorski DMS 
of episodic-like memory in animals. In non-human primates and 
rodents, episodic memory is often evaluated using trial-unique 
tasks in which animals have to remember a specific stimulus dur-
ing a single trial. Each trial requires memory of a different object 
or image, in a similar way that we experience unique events in 
everyday life. There is a wide breadth of fascinating tasks, but to 
describe all of them here would exceed the aim of this review. We 
summarize one of the critical paradigms from which many differ-
ent variants have emerged – namely a test of recognition memory. 
Remembering that you have seen/heard someone or something 
before is a critical component of episodic memory.
The recognition paradigm extensively used in the study of visual 
memory is the delayed non-matching to sample task (DNMS). Each 
trial in this type of task consists in a sample phase where the animal 
familiarizes with an item (visual, tactile, or more recently, auditory) 
and, after a variable delay, a choice phase in which the familiar item 
is presented again but this time paired with a novel one. Reward is 
delivered only if the animal chooses the novel item of the two, and 
so on. The delayed matching to sample task (DMS) is exactly the 
same, except that the animal is rewarded for choosing the famil-
iar rather than the novel item (and in general is slightly harder). 
Whereas this type of tasks detect reliably the memory impairment 
due to perirhinal lesions in animals, variants of this task that involve 
object–context or object–object associations are more sensitive to 
hippocampal and entorhinal cortex (EC) lesions. In studies of audi-
tory memory, equivalents of DNMS and DMS have been developed 
but because two sounds cannot be presented simultaneously in the 
choice phase without confusion, a sequential protocol originally 
developed by Konorski (1959) in Poland is adopted using a Go-No 
Go procedure (Fritz et al., 2005; Wright, 2007).
Back in the seventies, one of the pioneering memory studies in 
monkeys showed that only lesions that include the hippocampus, 
amygdala, and the adjacent entorhinal and posterior parahippoc-
ampal cortices impaired memory in a visual version of the DNMS 
task (Mishkin, 1978) in a similar way to humans (Scoville and 
Milner, 1957). A critical finding was that the lesions only caused 
memory impairment at long delays, while performance at short 
delays was normal, suggesting intact perception and working mem-
ory, but impaired long-term memory. This seminal study paved the 
way for detailed use of the DNMS task and its auditory variants to 
study recognition memory.
the perirhinal and posterior parahippoCampal CortiCes and 
memory
Research since then has shown that amongst the areas included 
in the original lesion (Mishkin, 1978), EC (area 28 of Brodmann, 
1909) and perirhinal cortex (Brodmann’s areas 35 and 36) are criti-
cal for visual recognition in DNMS tasks in non-human primates 
(Meunier et al., 1993). The memory deficit observed when these 
structures are lesioned is delayed-dependent and as severe as that 
observed in Mishkin’s original study.
We now know from retrograde tract tracing studies that the 
perirhinal cortex receives the majority of its input from visual areas 
in the inferior temporal cortex (Suzuki and Amaral, 1994a) and 
sends this information to EC (Insausti et al., 1987a; Suzuki and 
Amaral, 1994b), from where the information is relayed on to the 
hippocampus (Witter and Amaral, 1991). A series of connections 
within the hippocampus characterized by being unidirectional are Frontiers in Neuroanatomy  www.frontiersin.org  October 2010  | Volume 4  | Article 129  |  4
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anatomiCal pathWays for auditory memory
Like in vision or touch, direct connections of the auditory cortex 
with the medial temporal cortex may be critical for the long-term 
storage of auditory information (Engelien et al., 2000). A better 
understanding of the auditory cortex anatomical organization may, 
therefore, contribute to clarify whether memory function is different 
in audition as compared with the visual and tactile modalities.
arChiteCtoniC divisions of the stg and medial  
temporal Cortex
The amalgam of architectonic divisions comprising the STG and 
the medial temporal cortex; areas which interaction might be criti-
cal for the storage of auditory information are shown in Figure 1. 
The neuroanatomy of these areas has been primarily studied in 
two species of non-human primates, rhesus (Macaca mulatta) and 
cynomolgus monkeys (Macaca fascicularis). They are largely com-
parable, although there are subtle differences between them in the 
architectonic organization. The coronal sections shown in Figure 1 
illustrate some of the differences and similarities.
In rhesus monkeys, the STG was described in depth by Pandya 
et al. (Pandya and Sanides, 1973; Seltzer and Pandya, 1978, 1989) and 
we have adopted their nomenclature with some modifications. One 
modification is in relation with the temporal pole (TP), divided here 
(Figure 1) in four subareas: two in the medial surface (36p-dm and 
36p-vm), with similar architecture to area 36 of the perirhinal cortex 
– and corresponding to area 36pm in the M. fascicularis (Insausti 
et al., 1987a) –; and two in the lateral surface (38DL, 38VL), which 
resemble the architectonics of the adjacent six-layered cortex of the 
superior and inferior temporal gyri, respectively. These latter divi-
sions have not yet been recognized in the M. fascicularis – and corre-
sponding to area 36pl in the M. fascicularis (Insausti et al., 1987a).
In the M. fascicularis, we have used the cytoarchitectonic divi-
sions of the STG and TP described by Insausti et al. (1987a). As 
Figure 1 illustrates two subareas have been described in the TP in 
this species and they are referred as 36pl and 36pm as they resemble 
the architectonic organization of area 36 of the perirhinal cortex 
(Insausti et al., 1987a).
The cytoarchitectonic areas RTL, RT, and RTM, as defined by 
Kaas and Hackett (2000) can be found in both species for the ros-
tral portion of the supratemporal plane (Kaas and Hackett, 2000), 
which lies in the ventral bank of the lateral sulcus and differs 
task (Fritz et al., 2005). In fact, it is especially difficult for monkeys 
to hold auditory stimuli in memory for a long enough period of 
time to be considered outside the timeframe of working memory 
(Fritz et al., 2005). Furthermore, Fritz et al. (2005) reported that 
the performance of control monkeys in an auditory DMS task is as 
poor as monkeys with perirhinal cortex lesions in a visual version 
of a similar task, suggesting that there may be major differences 
between auditory and visual memory. The question then is that the 
delayed-dependent memory impairment seen for vision and touch 
is difficult to observe in audition – the control subjects showing 
too much forgetting over time to observe the impact of perirhinal 
cortex lesions. This immediately raised the possibility of a key dif-
ference between humans and non-human primates that, if valid, 
would be of interest in language research.
However, medial temporal lobe resections, that leave working 
memory intact in vision in human and non-human primates, criti-
cally impair this type of short-term memory in audition (Fritz 
et al., 2005). A possible explanation for this paradoxical finding 
comes from a combined lesion and tract tracing study showing 
that medial temporal removals inadvertently disconnect the rostral 
part of the superior temporal gyrus (STG) from frontal cortex and 
thalamus (Munoz et al., 2009). It seems, therefore, that humans 
and non-human primates may not be so different, but we are left 
with a puzzle about why auditory memory, as usually tested in the 
DMS, is so poor in macaques. However, the sounds used as stimuli 
in the tasks may be a critical variable in solving this puzzle, as sug-
gested by a recent behavioral study (Ng et al., 2009). This study 
reported significant improvement in the performance of rhesus 
monkeys in a Go/No-Go DMS task when using species-specific 
vocalizations as stimuli, compared with non-vocalization sound 
types (Ng et al., 2009).
To better understand the anatomical organization of auditory 
memory we consider here a number of major tract tracing studies 
in the non-human primate brain. These studies reveal evidence for 
direct (monosynaptic) and indirect connections (two synapses) that 
finally link the STG with the medial temporal lobe memory system, 
comprising the hippocampal formation (dentate gyrus, hippocampal 
fields CA1–3, subiculum, presubiculum, parasubiculum, and EC), 
and the parahippocampal region (temporal pole, areas 35 and 36 
of the perirhinal cortex, and the posterior parahippocampal cortex 
areas TH and TF of Von Bonin and Bailey, 1947).
Table 1 | Some unresolved issues in the neuroanatomy of auditory memory.
Why is more difficult for monkeys to hold in mind auditory information than visual? Do humans have also more difficulties to store auditory information 
compared to visual?
Medial frontal cortex, especially area 25, is part of the limbic system that is associated with episodic memory. Is this area also important for auditory memory 
in primates and humans?
Is there an analogue of the perirhinal cortex important for auditory recognition memory?
Anterior cingulate area 24, prelimbic area 32, and area 25 of the infralimbic cortex may be involved in the production of monkey calls. What is their role in 
auditory processing?
Are motor patterns, such as those related with the articulation of sounds, important for auditory memory?
In monkeys, the dorsal part of the temporal pole receives its major input from the most rostral part of the superior temporal gyrus, but it also receives 
afferents from multimodal areas. What is the nature of its involvement in the processing of monkey calls?
What areas the similarities and differences of the auditory processing areas in humans and non-human primates?
What is the role of the amygdalar connections with hippocampal formation and the superior temporal gyrus? And how do they contribute to auditory 
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showed that the auditory input to the lateral EC (subfields ER, 
ELr, rostral EI) receives projections from the gyral surface of 
the STG. This projecting area in the STG extends from the tip 
of the TP to the rostral part of the lateral geniculate nucleus, 
a distance of approximately 10 mm in the M. fascicularis. This 
extent comprises an area that includes caudally the rostral part 
of the lateral parabelt of the auditory association cortex (area 
Ts3, see Figure 3 in Amaral et al., 1983). EC also receives projec-
tions from the opercular part of the STG (area TAa, Insausti and 
Amaral, 2008). However, in the study of Amaral et al. (1983), 
the authors stressed that not all the regions of the STG project 
equally heavily to EC; in fact, the multimodal area of the dor-
sal bank of the superior temporal sulcus (area TPO) consist-
ently contained the largest number of retrogradely labeled cells. 
Amaral et al. (1983), in their report showed that the projection 
from the STG to EC was organized topographically; so lateral 
aspects of the STG (areas Ts1–Ts3 and TAa) project to lateral EC 
(subfields ER, ELR, and EI), while more medial or proximal aspects 
of the STG (area TPO) project to intermediate and caudal levels 
of EC. This results were confirmed in a latter study concerned 
with the cortical afferents to EC (Insausti et al., 1987a), which 
showed additionally that EC receives information from diverse 
polysensory processing areas of the cerebral cortex, including 
agranular insula, orbitofrontal, and medial regions of the frontal 
cortex, retrosplenial cortex, inferior parietal cortex, TP, per-
irhinal, and posterior   parahippocampal cortices (Insausti et al., 
1987a; Insausti and Amaral, 2008).
Perirhinal and posterior parahippocampal cortex
Perirhinal and posterior parahippocampal cortices receive their 
densest input from higher order processing visual areas TE and 
TEO of the inferior temporal cortex, and the rest from multiple 
polymodal processing areas of the neocortex; i.e. the dorsal bank 
of the superior temporal sulcus (area TPO), the opercular area of 
the STG (TAa), to a lesser extent, from insular, anterior cingulate, 
medial and orbitofrontal cortex (Suzuki and Amaral, 1994a; Blatt 
et al., 2003).
In relation with auditory afferents, the rostral part of the STG 
(areas Ts1–3), including the TP, projects to areas 35 and 36 of the 
perirhinal cortex and to areas TH and TF of the posterior para-
hippocampal cortex. A restricted area of the caudal STG, which 
appears to include the caudal lateral parabelt area of the auditory 
cortex and area Tpt (see Figure 11 in Suzuki and Amaral, 1994a) 
projects specifically to area TH of the posterior parahippocam-
pal cortex (Suzuki and Amaral, 1994a; Blatt et al., 2003). Area 
TH sends reciprocal projections to area Tpt of the caudal STG 
(Tranel et al., 1988). It is worth noting that, Tranel et al.’s report 
showed that posterior parahippocampal projections to area Tpt 
appear to arise exclusively in area TH, with no projections from 
area TF. Area Tpt has dense connections with the caudal medial 
belt, where auditory and somatosensory responses have been 
detected electrophysiologically, suggesting that this area may 
be a multimodal one (CM, Smiley et al., 2007). Although the 
specific function of area Tpt remains still unknown, this area in 
monkeys shows increased regional cerebral blood flow (rCBF) 
in the presence of species-specific vocalizations (Gil-da-Costa 
et al., 2006).
  cytoarchitectonically from areas Ts1–3/STGo,l,f,p on the adjacent 
lateral convexity of the rostral part of STG. The remaining auditory 
core and belt areas (i.e. A1/R, AL, ML, MM, CL, and CM), located 
caudally in the superior temporal plane, were delineated according 
to Kaas and Hackett (2000). The cytoarchitectonic subdivisions of 
the entorhinal, perirhinal, and posterior parahippocampal cortices 
of Amaral et al. (1987) and Suzuki and Amaral (1994b) were also 
used for both species.
direCt input from stg to medial temporal Cortex
Core (primary) and belt (secondary) areas of the auditory cortex in 
monkeys are characterized by a high density of reciprocal cortico–
cortical connections (Hackett et al., 1998). Connections between belt 
and parabelt (tertiary) areas of the auditory cortex are also dense, 
but less well understood. Although rostral and caudal belt areas send 
projections to prefrontal cortex in rhesus (Romanski et al., 1999a,b) 
and marmoset monkeys (Roberts et al., 2007), a large proportion of 
long cortical connections with frontal, temporal, insular, and parietal 
areas appear to originate primarily in the parabelt areas. In contrast, 
to parabelt areas, medial temporal cortex connections with core and 
belt areas have not been reported in the literature so far. The most 
direct, but not necessarily densest afferent auditory projections to 
the medial temporal cortex, arise in the lateral parabelt areas of the 
auditory cortex (see Figure 3 in Amaral et al., 1983).
Apart from the better understood core and belt areas of the 
auditory cortex (Hackett, 2010), the functional properties of further 
auditory downstream areas of the STG are only beginning to be 
revealed by functional imaging studies in rhesus monkeys (Tian 
et al., 2001; Poremba et al., 2003; Gil-da-Costa et al., 2004, 2006; 
Poremba et al., 2004; Petkov et al., 2008). However, the neurophysi-
ological features of neurons in the different architectonic areas of 
the parabelt and areas located just rostral to them, such as the 
anterior superior temporal plane and the TP, are less known. As a 
consequence, it is difficult to understand the type of information 
that is sent to the medial temporal cortex from the STG.
The study by Romanski et al. (1999a) revealed that whereas 
neurons in the anterior lateral belt show selective responses to par-
ticular features of auditory stimuli, neurons in caudal lateral belt 
have preferential responses to sound location and have different 
patterns of connections with the frontal cortex. The anterior lateral 
belt projects to the ventral frontal cortex, whereas the caudal lateral 
belt is connected with more dorsal aspects of the prefrontal cortex 
(Romanski et al., 1999b). This suggested that there might be, like in 
vision, “what” and “where” pathways in the auditory cortex; with 
the rostral part of the STG as the “what” pathway concerned with 
the identification of specific features of sounds. In line with this, a 
recent study showed that the anterior part of the superior temporal 
plane contains an area that responds specifically to monkey con-
specific calls (Petkov et al., 2008). Neurons with species-specific calls 
have also been found in this area (Kikuchi et al., 2006). Another key 
area in the auditory ventral stream is the TP, but there is a section 
dedicated to this question later on in this review.
Entorhinal cortex
Evidence for the rostral STG projection to EC comes prima-
rily from two retrograde tracer studies. The first one, having 
placed retrograde tracer injections in EC (Amaral et al., 1983), Frontiers in Neuroanatomy  www.frontiersin.org  October 2010  | Volume 4  | Article 129  |  6
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The participation of TP in memory in humans has been shown 
in fMRI studies, and critically, by its involvement in semantic 
dementia (Olson et al., 2007; Patterson et al., 2007). However, in 
non-human primate models of amnesia TP has received consider-
ably less attention than the hippocampus and parahippocampal 
region, and therefore, its participation in memory remains largely 
unknown. Nonetheless, the anatomical position of the dorsal part 
of TP within the auditory cortical system and its close relation 
with the medial temporal cortex, suggest that it might be one 
important entry point of highly processed auditory informa-
tion to the medial temporal cortex, and therefore, participate in 
auditory memory processing, in parallel to the TE–perirhinal–
entorhinal–hippocampus  pathway  in  visual  memory  (Munoz 
et al., 2003).
In sum, the cortex of the rostral part of the STG, including the 
dorsal part of TP and, to a lesser extent, areas Ts1–3 of the audi-
tory parabelt project directly to EC, the rostral part of areas 35 and 
36 of the perirhinal cortex, and areas TH and TF of the posterior 
parahippocampal cortex. There is an additional projection from 
the caudal STG to area TH. The auditory projections to EC are, 
however, very meager in comparison with its polymodal input 
(Mohedano-Moriano et al., 2008). Similarly, auditory afferents 
to the perirhinal and posterior parahippocampal cortices are very 
meager compared to visual input. This is in line with the second 
hypothesis that the major route, by which the auditory information 
reaches the medial temporal cortex is via indirect connections, 
the dorsal TP possibly being one of the major indirect pathway 
(Figure 2).
indireCt auditory input to medial temporal Cortex
Dorsal bank of the superior temporal sulcus
Neurons in the operculum and the dorsal bank of the superior 
temporal sulcus in the non-human primate – the superior temporal 
polysensory area STP – show responses to stimuli from different 
sensory modalities such as auditory, visual, and somatosensory 
(Bruce et al., 1981; Baylis et al., 1987). It is reasonable then to assume 
that the auditory information that reaches the medial temporal 
cortex via the superior temporal sulcus may not be purely audi-
tory, but has already been integrated with information from other 
modalities (Figure 3).
A possible pathway, and probably the densest route of indi-
rect projections from the auditory areas of the STG to the medial 
temporal cortex, would start in the rostral divisions of the lateral 
parabelt through a series of synaptic relays:
a)  Areas Ts1–Ts2 of the gyral surface of the STG (Figure 1) send 
a very meager direct projection to the memory-related areas 
of the medial temporal cortex (Amaral et al., 1983; Insausti 
et al., 1987a; Suzuki and Amaral, 1994a). In contrast, they send 
a dense one to the opercular area TAa and to the dorsal bank 
of the STG (Seltzer and Pandya, 1989).
b) Area TAa of the STG (Figure 1) send a weak projection to areas 
of the medial temporal cortex (Amaral et al., 1983; Insausti 
et al., 1987a; Suzuki and Amaral, 1994a), however area TAa 
has dense connections with the fundus and dorsal bank of the 
superior temporal sulcus (areas PGa and TPO of Seltzer and 
Pandya, 1989; Figure 1).
Furthermore, in humans, this area contributes substantially to 
the enlargement of the left planum temporale on the left hemi-
sphere and it is considered part of Wernicke’s area (Galaburda 
et al., 1978). Area Tpt might be, therefore, a higher order process-
ing area related with comprehension or semantic recognition of 
auditory stimuli.
Temporal pole
The temporal pole has been considered part of the parahippoc-
ampal region both in humans and non-human primates (Insausti 
et al., 1987a; Blaizot et al., 2004; Blaizot et al., 2010). However, both 
architectonically, and in terms of its connections, TP is a transitional 
area between perirhinal cortex and the neocortical areas of the 
adjacent superior and inferior temporal gyri. Whereas the lateral 
dorsal and ventral divisions of TP (38DL, 38VL) are closely related 
to adjacent superior and inferior temporal gyri (Moran et al., 1987; 
Kondo et al., 2003; our own observations in rhesus monkeys), the 
medial ventral and dorsal subdivisions of TP (36p-vm, 36p-dm, 
in rhesus monkeys this study), have been considered as a dorsal 
extension of area 36 of the perirhinal cortex in different non-human 
primates (Insausti et al., 1987a; Suzuki and Amaral, 1994a; Blaizot 
et al., 2004).
Anatomical  studies  with  wallerian  degeneration  techniques 
showed that early auditory and visual processing areas send pro-
jections to progressively more rostral portions of the STG and 
subsequently to TP (Jones and Powell, 1970). This stream of caudal-
to-rostral connections has been later confirmed with more modern 
tract tracing studies (Galaburda and Pandya, 1983; Markowitsch 
et al., 1985; Moran et al., 1987; Cipolloni and Pandya, 1989). The 
work of Moran et al. (1987) showed that, the dorsal part of TP 
receives specifically input from auditory processing areas of the 
STG, and therefore, may participate in auditory processing, in 
contrast, to other TP regions, which receive olfactory and visual 
input. Further support to this anatomical and functional organiza-
tion of TP has been recently reported in a 2-deoxyglocose activa-
tion study in monkeys that were exposed to auditory and visual 
stimuli (Poremba et al., 2003). The likely involvement of the dor-
sal TP in high order auditory processing has been also delineated 
by a recent FDG-PET study in monkeys stimulated with differ-
ent types of sounds including simple, complex, and naturalistic 
sounds (Poremba et al., 2004). According to this study, the dorsal 
part of TP plays a special role in processing species-specific calls in 
rhesus monkeys; specifically, this area showed evidence of left hemi-
sphere specialization for processing vocalizations like that shown 
in humans for processing speech. In fact, we have shown that the 
densest afferent connections to the dorsal part of TP originate in 
auditory-related areas of the rostral STG (areas RTL, Ts1–Ts3) and 
the polymodal areas TAa and TPO (Munoz et al., 2003).
On the other hand, the dorsal lateral TP receives input from 
medial,  orbitofrontal,  and  insular  cortex  (Mesulam,  1982; 
Markowitsch et al., 1985; Moran et al., 1987; Munoz et al., 2002; 
Kondo et al., 2003), suggesting that it may be involved in auditory 
and multimodal processing. The TP has reciprocal connections 
with EC (Kosel et al., 1982; Insausti et al., 1987a; Munoz et al., 
2003), the rostral part of areas 35 and 36 of the perirhinal cortex 
(Munoz et al., 2003; Lavenex et al., 2004) and areas TH and TF of 
the posterior parahippocampal cortex (Munoz et al., 2003).Frontiers in Neuroanatomy  www.frontiersin.org  October 2010  | Volume 4  | Article 129  |  7
Munoz-Lopez et al.  Auditory memory in primates
Figure 2 | Direct auditory pathway to the medial temporal cortex. 
(A) Core and belt areas of the auditory cortex, shown in the lateral view of the 
primate brain, have dense and reciprocal connections. Belt areas have dense 
connections with parabelt areas, where the projection to the 
parahippocampal region originates, i.e. the direct pathway (B) The 
architectonic areas that comprise the parahippocampal region are 
shown in a medial view of the primate brain. Additional cortical areas that 
receive auditory input and project to the parahippocampal region are shown in 
gray, but they form part of the indirect pathway (see Figure 3 for further 
details). Connections between the parahippocampal region and the 
hippocampal formation are summarized on the right-hand side. See list of 
abbreviations.
Figure 3 | Possible indirect pathways of auditory information to the 
medial temporal cortex. The schematic diagram of the primate brain 
illustrates the cortical areas reported to receive connections from parabelt 
areas of the auditory cortex and, critically, to send projections to the medial 
temporal cortex. The cortical areas shown in the figure represent synaptic 
relays of auditory information before it reaches the medial temporal memory 
system. The parahippocampal region is shown in light gray. See list of 
abbreviations.Frontiers in Neuroanatomy  www.frontiersin.org  October 2010  | Volume 4  | Article 129  |  8
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24, whereas the density of the projection decreases progressively 
from area Ts2 to Ts3 (Vogt and Pandya, 1987; Petrides and Pandya, 
1988; Barbas et al., 1999). These auditory-processing projections 
are reciprocal, therefore axons from the anterior lateral, medial 
prefrontal, and orbitofrontal areas terminate in the anterior half 
of the STG (Barbas et al., 2005).
Areas 32, 24, and 25 have been associated with the production 
of calls in squirrel monkeys (Jürgens and Pratt, 1979; Kirzinger 
and Jurgens, 1982). Although the extensive work of Jürgens has 
elucidated the major pathways involved in the motor control of 
monkey vocalizations in the squirrel monkey, little is known in 
rhesus monkeys. In the late sixties, Robinson found that electri-
cal stimulation of different territories of the medial frontal cortex 
elicited monkey calls in rhesus monkeys (primarily area 32, but 
it may be also area 24, Robinson, 1967; see review in Vogt and 
Barbas, 1987).
Ventral medial frontal areas 24, 32, and 25 have, on the other 
hand, lead the frontal projections with medial temporal cortex. 
In fact, among all the architectonic areas that form the frontal 
cortex, areas 25 and 32 have the densest connections with CA1/
Subiculum and, and therefore, have a very direct access to the 
medial temporal memory system (Barbas and Blatt, 1995; Blatt 
and Rosene, 1998; Barbas et al., 1999; Insausti and Munoz, 2001). 
A similar pattern of frontal–hippocampal formation connections 
has been reported in marmosets (Roberts et al., 2007). Areas 24, 
32, and 25 also send connections to TP, EC, and the posterior 
parahippocampal cortices and, to a lesser extent, with to 36 and 
35 of the perirhinal cortex (Insausti et al., 1987a; Arikuni et al., 
1994; Suzuki and Amaral, 1994a).
Although the role of these regions of the medial frontal cortex in 
working or long-term memory in audition is still puzzling, removals 
that include area 25 impair visual long-term recognition memory in 
monkeys (Bachevalier and Mishkin, 1986). In fact, Bachevalier and 
Mishkin (1986) suggested that, together with the medial thalamus 
and the medial temporal cortex, area 25 forms part of the limbic 
system important for episodic memory. Whether the role in recog-
nition of area 25 is extensive to other sensory modalities, such as the 
auditory or somatosensory, calls for further research. Interestingly, 
the auditory input to areas 25, 32, and the pregenual portion of area 
24 of the frontal cortex is disrupted by medial temporal removals 
(Munoz et al., 2009), the very same lesions that impair auditory 
(short-term) recognition memory (Fritz et al., 2005).
In sum, the complex anatomical and physiological organiza-
tion of the medial frontal cortex suggests that areas 24, 25, and 32 
are involved in some motor aspects of monkey call production, 
amongst other functions. In addition, they interact with auditory 
and medial temporal cortices and therefore, they may modulate 
auditory memory function. Emotional modulation of auditory 
memory might be mediated possibly by way of interactions via 
connections with the amygdala (Aggleton et al., 1980; Barbas, 1995) 
or autonomic responses through the hypothalamus (Ongur et al., 
1998; Chiba et al., 2001).
Posterior cingulate and retrosplenial cortex
Superior temporal gyrus projections to area 23 of the caudal cin-
gulate cortex and to areas 29 and 30 have been described by in 
retrograde tracer experiments, but they have been reported as very 
c)  Areas  PGa  and  TPO  (Figure  1)  send  projections  to  the 
  entorhinal,  perirhinal  and  posterior  parahippocampal  cor-
tices, with the latter area originating the densest projection 
of all (Amaral et al., 1983; Insausti et al., 1987a; Suzuki and 
Amaral, 1994a).
In summary, one of the routes for auditory afferents to reach the 
hippocampal formation, perirhinal, and posterior parahippocam-
pal cortices might be through polymodal areas of the dorsal bank 
of the superior temporal sulcus (Figure 3).
Insula
One of the sources of auditory information to the insula (Figure 3) 
originates within the superior temporal plane and especially in 
the more medial portions of the auditory belt area (Mufson and 
Mesulam, 1982). These projections form part of the complex pattern 
of afferent projections to the insular cortex, suggesting that the insula, 
among other functions, is involved in auditory processing.
Auditory–insular connections have received little attention, but 
a recent study reported that auditory-related areas located in the 
medial and lateral subdivisions of the caudal belt receive somato-
sensory information from retroinsular and granular insular cortex 
(Smiley et al., 2007). These areas also receive visual information 
from area prostriata localized in the anterior portion of the cal-
carine sulcus, visual cortex area V2, the polysensory area TPO of the 
dorsal bank of the superior temporal sulcus, and area Tpt (Falchier 
et al., 2010). Therefore, the medial and lateral caudal divisions of the 
auditory belt might themselves process polysensory information 
in higher degree than had previously been thought.
The agranular and disgranular divisions of the insula send dense 
projections to the rostromedial division of EC (Insausti et al., 1987a; 
Insausti and Amaral, 2008) to area 35, and to lesser extent to area 
36 of the perirhinal cortex, and to the posterior parahippocampal 
areas TH and TF (Suzuki and Amaral, 1994a). This might be a 
second important source of indirect auditory input to the medial 
temporal cortex.
Anterior cingulate, prelimbic, and infralimbic cortex
Area 32 (Barbas, 1988), and areas 25 and 24 (Figure 3, Vogt and 
Pandya, 1987; Petrides and Pandya, 1988; Barbas et al., 1999; Munoz 
et al., 2009) receive strong projections from auditory association 
areas of the rostral STG, including parabelt and TP, primarily via the 
uncinate fasciculus. In contrast, the medial frontal cortex in mar-
mosets receives projections from earlier (core) auditory processing 
areas (Roberts et al., 2007; Reser et al., 2009). These studies revealed 
another interesting difference between macaque and marmoset 
monkeys. Unlike rhesus monkeys, the medial frontal cortex of the 
marmoset monkey receive visual information via ventral temporal 
pole and inferior temporal gyrus. The temporal–medial frontal 
connections in marmosets appear, therefore, to arise earlier in the 
auditory sensory stream and might be less sensory-specific com-
pared with macaque monkeys.
The STG-medial frontal projections in rhesus monkeys are 
organized topographically, in such a manner that the density of 
the projection decreases progressively from rostral to caudal in 
the STG. The lateral portion of TP and area Ts1 are the origin of 
the densest projection to areas 25, 32, and to a lesser extent to area Frontiers in Neuroanatomy  www.frontiersin.org  October 2010  | Volume 4  | Article 129  |  9
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to note that the projections from some cortical and subcortical 
areas converges with auditory input in to the lateral EC (Amaral 
et al., 1983; Insausti et al., 1987b; Mohedano-Moriano et al., 2007; 
Mohedano-Moriano et al., 2008).
The amygdala, therefore, may influence EC, and moreover has 
further access to the hippocampus. Many of the amygdalar nuclei, 
primarily basal, lateral basal, medial basal, cortical nucleus and 
cortical–amygdaloid area send direct projections to the molecular 
layer of the amygdalo–hippocampal area and stratum lacunosum 
moleculare of the uncal portions of CA3 and less densely to CA1, 
and the CA1/Subiculum area, also called prosubiculum. Additional 
projections terminate in the presubiculum, parasubiculum, and 
layers I–III of the rostral one-half of EC (Rosene and Van Hoesen, 
1977; Aggleton, 1986; Saunders et al., 1988).
In non-human primates, there is a direct thalamo–amygdaloid 
pathway that seems to be relatively minor. Among the multiple tha-
lamic nuclei, only the peripeduncular nucleus was found to project 
substantially to the lateral amygdaloid nucleus (Jones et al., 1976; 
Aggleton et al., 1980; Amaral and Insausti, 1992). This connection 
is prominent in rats and has been considered to be a rapid route for 
acoustic signals of emotional significance (LeDoux et al., 1990). In 
non-human primates, the direct thalamo–amygdaloid projections 
seem to be less dense compared with the connections between the 
amygdala and cortical auditory processing areas.
Classical degeneration and more modern neuronal tracer tech-
niques have been employed to discover and describe the thalamic 
connections to auditory areas (De Vito and Simmons, 1976; Kosmal 
et al., 1997; Hackett et al., 1998; Gutierrez et al., 2000; Hackett et al., 
2007). The thalamic nucleus that leads the projection to the core, 
belt, and parabelt areas of the auditory cortex is the medial genicu-
late nucleus (MGd or MGv), but this cortical area also receives 
inputs from other thalamic nuclei such as the suprageniculate 
nucleus, limitans, medial dorsal, and rostral and medial nuclei of 
the pulvinar (Pandya et al., 1994; Hackett et al., 1998).
In the thalamus, the medial nucleus of the pulvinar, an area of 
multimodal convergence (Cappe et al., 2009), has been involved in 
sensory integration and attention (Ivanov et al., 2010), although its 
function remains not well understood. On one hand, the medial 
pulvinar is connected with the rostral part of STG (Trojanowski 
and Jacobson, 1975). On the other hand, the rostral and lateral 
divisions of EC, the same ones that receive direct auditory input 
and indirect via amygdala, receive also dense projections from the 
medial nucleus of the pulvinar (Trojanowski and Jacobson, 1977; 
Insausti et al., 1987b). It seems, therefore, that this thalamic nucleus 
may form part of the indirect subcortical pathway for audition to 
reach the medial temporal memory system.
ConCluding remarks
The primary aim of this review has been to draw attention to the 
complexity of additional indirect connections by which auditory 
information can get to memory processing areas of the medial 
temporal lobes. Specifically, the anatomical studies reviewed here 
indicate that, unlike the strong, direct and reciprocal connections 
of visual association areas between the inferior temporal cortex and 
areas 35 and 36 of the perirhinal and areas TH and TF of the pos-
terior parahippocampal cortex, direct connections from auditory 
processing areas of the STG with medial temporal cortex appear 
modest and arising primarily from the dorsal bank of the superior 
temporal sulcus, rather than from auditory processing areas (Vogt 
and Pandya, 1987; Kobayashi and Amaral, 2003).
However, there might be a modest contribution of auditory 
projections to caudal cingulate (area 23) and retrosplenial cortex 
(area 29) as well as caudal presubiculum (Yukie, 1995), both of 
which project to EC (Insausti et al., 1987a).
Area 29 of the retrosplenial cortex and area 23 of the poste-
rior cingulate cortex are important sources of cortical afferents 
to the caudal entorhinal cortex, the posterior parahippocampal 
areas TH and TF, and to a lesser extent, to perirhinal cortex areas 
35 and 36.
Parietal cortex
The intraparietal sulcus is involved in spatial auditory processing 
(Cohen and Andersen, 2000; Cohen et al., 2004). Functional imag-
ing and event-related potential studies in humans also indicate 
that the parietal cortex, particularly in the right hemisphere, is 
active during tasks requiring active localization of sounds (Maeder 
et al., 2001).
Some studies have failed to find direct connections between 
auditory areas of the STG and the intraparietal sulcus (Cavada and 
Goldman-Rakic, 1989; Neal et al., 1990), and it has therefore audi-
tory information likely reaches the intraparietal sulcus primarily via 
area Tpt (Smiley et al., 2007) and the dorsal bank of the superior 
temporal sulcus (Neal et al., 1990).
Tract tracing studies indicate that the medial part of area Tpt 
in the caudal STG sends projections to the ventral intraparietal 
area, an area that has been involved in neuroanatomical networks 
functionally related to visual, vestibular, somatomotor, and audi-
tory processing (Lewis and Van Essen, 2000).
In sum, this pathway arises in the caudal parabelt areas and 
projects via inferior pariental cortex (area 7a) to areas TH and TF of 
the posterior parahippocampal cortex (Suzuki and Amaral, 1994a) 
and to caudal entorhinal cortex (Insausti et al., 1987a).
Amygdala and thalamus
The amygdaloid complex, a group of nuclei with dense cortical and 
hypothalamic connections, is important in emotion, motivation, 
memory, and social behavior.
Connections between auditory-related areas of the rostral half 
of the STG and the amygdala in monkeys have been reported previ-
ously (Nauta, 1961; Aggleton et al., 1980; Van Hoesen, 1981; Amaral 
and Price, 1984; Stefanacci and Amaral, 2002). Within the amy-
gdaloid complex, the lateral nucleus receives the densest projection 
from auditory-related areas. There is then an intrinsic projection 
from the lateral nucleus to the lateral basal nucleus (Pitkanen and 
Amaral, 1991, 1998), and the lateral basal nucleus sends reciprocal 
projections to auditory processing cortical areas. There is some 
indication that this amygdalofugal outflow of projections to cortical 
areas, including that to auditory-related areas, might be more wide-
spread and more complex than the afferent projections (Amaral 
and Price, 1984).
The lateral nucleus of the amygdala provides the densest input 
to EC, with additional projections also originating in the basal and 
accessory basal nucleus (Insausti et al., 1987b; Saunders et al., 1988; 
Pitkanen et al., 2002; Stefanacci and Amaral, 2002). It is interesting Frontiers in Neuroanatomy  www.frontiersin.org  October 2010  | Volume 4  | Article 129  |  10
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  auditory memory involves much more intricate and complex 
neural networks and that all this information may be translated 
to clinical practice.
The projections of neurons in auditory processing areas of the 
STG seem to reach memory-related areas of the medial temporal 
cortex and diencephalon via indirect connections with polysensory 
areas (Figure 3), such as the TP, the dorsal bank of the superior tem-
poral sulcus, the insula, medial frontal cortex (areas 24, 32, and 25), 
and to a lesser extent posterior cingulate and retrosplenial cortex, 
and via amygdale and medial pulvinar (Figure 4). This is in line 
with the second of the two hypotheses we have considered, although 
there remain a number of unresolved issues (Table 1). Specifically, 
unlike in vision, the majority of auditory connections, before they 
reach the medial temporal cortex, make additional synaptic con-
nections in intermediate, polymodal areas where they integrate with 
information from other sensory modalities, and only then do they 
enter in the medial temporal lobe memory system.
to be considerably more modest. Thus, whereas the visual “ventral 
stream” of processing in the Mishkin and Ungerleider (1982) frame-
work is relatively direct, this principle does not appear to extend to 
the auditory domain. This may explain, at least in part, monkeys’ 
poor ability for auditory memory (Fritz et al., 2005).
The entry of auditory information to the medial temporal cor-
tex might be, therefore, more indirect in audition than in vision. 
In addition to the cortical direct and indirect pathways, auditory 
information may enter the medial temporal cortex via subcorti-
cal structures, like the lateral and basal nuclei of the amygdala 
and the thalamus, with possibly an especial role for the medial 
pulvinar. The direct connections of the amygdala with the hip-
pocampus points to a possible role of emotion in auditory long-
term memory.
It cannot be ruled out the contribution of other subcorti-
cal nuclei in the diencephalon or brainstem, although little or 
no neuroanatomical evidence exists. It is foreseeable that the 
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